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Magnetic Circular Dichroism in Resonant Raman Scattering in the Perpendicular Geometry
at the L edge of3d Transition Metal Systems
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We measured circular dichroism in resonant x-ray scattering3dn ! 2p53dn11 ! 3s13dn11 with
incidence perpendicular to the magnetization where the absorption dichroism vanishes. The advantages
of photon scattering over other techniques make it possible to study a wide range of materials. The
Ni L3 dichroism in NiFe2O4 is s28 6 5d% in agreement with a localized model. In the metal Co
the dichroism is reduced tos10.4 6 1d% sL3d and s6.8 6 1.5d% (7.5 eV aboveL3), indicating a large
sensitivity to the nature of the valence states despite the fact that this spectroscopy is based on inner
shell transitions. [S0031-9007(99)08431-8]

PACS numbers: 78.70.En, 78.70.Ck, 78.70.Dm
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In recent years there has been a considerable ef
in circular x-ray dichroism on magnetic materials [1
which provides important, and in many aspects uniqu
information especially by the use of the sum rules [2
Much of this effort has been devoted to dichroism in x-ra
absorption exploiting the difference in the number of th
created core holes for parallel and antiparallel alignme
of the magnetization and helicity vector of the inciden
light. The charge distribution of the excited core hole
not only characterized by its integral which is proportion
to the absorption but also by its spatial distribution whic
is in general not spherical. Information on the deviatio
from the spherical symmetry, i.e., on the core ho
polarization can be obtained from the angular dependen
of the particles emitted by the decay of the core ho
[3,4]. Since this deviation is directly connected to th
ground state properties by the optical transition matr
elements of the absorption process, important informati
about the material properties is laying dormant in th
angular emission when only absorption is measured. T
dichroism in absorption vanishes when the incident lig
is perpendicular to the magnetization, i.e., in the s
called “forbidden” geometry. Let us consider the plan
defined by the incident beam and by the emitted produ
detected in the experiment, with the magnetization in th
plane (coplanar perpendicular geometry hereafter refer
to as “perpendicular”). The detection breaks the mirr
symmetry of the system, and one obtains information
the nonspherical part of the core hole distribution. So f
this approach has been used only in experiments ba
on electron emission [3,5]. The possibility of detectin
emitted photons has never been explored. The aim of
present Letter is not only to show that this is feasible b
to present original results in this field. We concentrate
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3d TM systems, and we use the inner shell excitation o
the type3dn ! 2p53dn11 ! 3s13dn11 (i.e., final state
with a 3s hole due to the filling of the intermediate
2p core hole state) which is an example of resona
Raman scattering (RRS). In Ni theL3 excitation is around
853 eV and the Raman photons are around 742 eV; in t
metal Co the energies are 778 and 677 eV, respective
Perpendicular RRS (PRRS) has the potential to give
strong impact on the spectroscopy of magnetic system
for several reasons.

(i) Compared to element-specific techniques based
electron detection, where multiple scattering effects pla
an important role, photon scattering is much better suite
for bulk spectroscopy. It can be carried out on insulato
without further complications and is not influenced b
external magnetic fields allowing measurements in stro
magnetic fields which are not possible with electro
detection.

(ii) As we will show below, PRRS has a strong
sensitivity to the nature of the valence states althoug
it is based on an inner shell process. In particula
great differences are seen between localized and itiner
systems. PRRS allows one to obtain information no
accessible to other spectroscopies as is shown here
Co where some nonbandlike aspects are observed.

(iii) RRS in the soft-x-ray range is becoming access
ble on an almost routine basis by exploiting modern sy
chrotron radiation (SR) sources. Dichroism in PRRS ca
be measured with only minor modifications of the exper
mental setup used in valence emission dichroism [6–1
although the experiments are conceptually quite differen
Thus, a lot of PRRS information is often left unexplored
while it is at hand. The dichroic self-absorption prob
lems [12] limiting the use of resonantly excited valenc
© 1999 The American Physical Society
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fluorescence are totally absent in the present case, allo
ing a very wide application of PRRS. Although this is
important, we stress that the goal of the present Letter
to present an entirely new development and not an alt
native path to a method already known.

First, we will demonstrate the feasibility of PRRS for a
conceptually simple case. We choose magnetic Ni21 ion
in Ni ferrite sNiFe2O4d since the ground state, which is
approximately3d8, is relatively easy to calculate within
an ionic approach [13]. From an experimental poin
of view, however, this choice was less convenient b
cause the Ni signal (around 742 eV) is strongly atten
ated by Fe absorption above theL2 threshold (720 eV).
This nondichroic process does not generate artifacts b
strongly limits the counting rate. This limitation does
not apply to Co which is discussed as a further applic
tion where we studied the excitation energy dependen
of the scattering. This case cannot be interpreted in
straightforward manner, because neither a localized nor
itinerant picture isa priori justified. We observe strong
dichroism at theL3 edge while the integrated dichroism a
theL2 edge disappears within the errors conformed to th
theory [3,4]. We found also a dichroism at an excitatio
energy between bothL edges, a result which cannot be
interpreted in a bandlike picture. The Co spectra clear
demonstrate that there are large differences in the resu
between localized and itinerant systems.

The geometry of the experiment is depicted in Fig. 1
The sample is magnetized along the surface and the sc
tered photons are detected along the directionq0 (take-off
angle u). The core hole polarization and the asymme
try in the angular distribution can be understood by co
sidering the following antagonistic effects. On the on
hand, spin-orbit interaction prefers the expectation val
of the core hole orbital moment to align along its spi
direction, which tends to be oriented by the magnetiz
tion. On the other hand, the selection rules for optic
excitation result in a preferred alignment of the orbita
moment parallel to the helicity vector of the circularly po
larized light. Both effects are accommodated if the co

FIG. 1. Schematic geometry of perpendicular resonant Ram
scattering. The direction of the incident beam is given byq
and the detection direction byq0. The magnetizationM is in
the surface plane.
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hole orbital moment is aligned along an intermediate di
rection which can be represented pictorially by the dashe
lines a and b in Fig. 1 for the two opposite magnetiza-
tion directions. Therefore, the scattered photon spectru
along an off-normal direction will become different when
either the magnetization or the light helicity vector is re-
versed. Expressed in a more theoretical way [3,4], if on
uses a multipolar expansion of the states, the absorptio
is related to the number of the core holes (the monopo
term) while the scattering dichroism integrated over th
emitted photon spectrum describes the departure from t
spherical symmetry of the space distribution (quadrupol
moment which is the core hole polarization).

Measurements were done at beam line ID12B of th
European Synchrotron Radiation Facility as in Ref. [10
using a novel incident beam monochromator [14] (1.2 eV
bandwidth) except that the light was at normal incidenc
to the sample (Fig. 1). The detector bandwidth wa
1.3 eV. The take-off angle wasu  20±. The Ni ferrite
sample was an epitaxially grown crystalline 3 micron film
prepared on a MgO single crystal [15]. The Co sampl
was evaporatedex situ s2000 Åd on as grown Si wafer
and capped with20 Å Au; the effect of a possible thin
silicide at the Si-Co interface is negligible.

The Ni ferrite results are given in Fig. 2. TheL3 ex-
citation is shown by the arrow in the absorption spec
trum [Fig. 2(a)], and the raw scattering data are given i

FIG. 2. Perpendicular resonant Raman scattering at NiL3
in Ni ferrite. Panel (a):L2,3 absorption (the arrow indicates
the excitation energy). Panel (b): Raw scattering data wit
the energy measured from the peak and difference curv
(scale:3 2) corrected for the incident polarization. Panel
(c): measurements after polarization correction and backgroun
subtraction. Panel (d): Theoretical spectra.
1567
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Fig. 2(b) with the energy of the scattered photons me
sured relative to the peak maximum (final Ni-3s1 state)
which is on the decreasing tail of the nonresonant
L2,3 signal. The Ni peak height is roughly one-third o
the background, and the integrated counting rate is v
low s2.6 countsymind due to self-absorption as mentione
above. A large change in signal occurs when either t
polarization or the magnetization is reversed. The d
ference spectrum in Fig. 2(b) has been corrected for
complete polarization of the incident beamsP  0.84d
and gives, despite the error bars, clear evidence for
dichroism in perpendicular geometry. The Ni peak a
ter polarization correction and background subtraction
shown in Fig. 2(c) with the curves normalized to 100 fo
the average over both helicities. The background was
tained using a polynomial fit; the fine tuning of the pa
rameters had very little effect on the peak dichroism (28
of the average peak height). The theoretical results
shown in Fig. 2(d) for a calculation performed using th
model of Ref. [13] and taking into account the polariza
tion and angles in the matrix elements of the Krame
Heisenberg formula. The theoretical curves include t
effect of bandpasses and the final state lifetime whi
is the dominant contribution to the broadening. Ligan
hole effects were neglected, since their influence is sm
at Ni21 L3 threshold. We already showed in Ref. [13
that this approach provides an adequate description
the RRS line shape of Ni21 excited at theL3 peak in
NiO, so that we expect it to work also in the prese
case. The theoretical peak dichroism is 31% consist
with the measured 28% within the experimental accura
In fact, at fit of the measurements with a curve having t
theoretical shape gives a peak value0.28 6 0.05. This
demonstrates the feasibility of PRRS and its applicati
to strongly correlated systems in combination with ion
model calculations, where ligand holes can be included
needed. However, in Ni ferrite the statistics impedes
discussion of the line shape and energy dependence of
observed dichroism. These effects are beyond the p
pose of the demonstration experiment on Ni ferrite.
the case of a more complicated final state, which wou
have been inappropriate as a starting point for this n
research, there can be a substantial increase in the co
ing rate resulting in a reduction of the error bars. F
example, in Co ferrite the energy of the transition to C
3s1 final state is below the Fe edge which can lead to
large increase in the counting rate.

We now proceed by applying PRRS to Co, which, r
garding its3d count between 7 and 8, is close to the pr
ceding case. Admittedly, this metal is a more challengi
system since the electron delocalization invalidates
simple atomiclike picture. Co has weak self-absorption
RRS, so that the integrated counting rate (130 countsymin
with L3 excitation) allows us to study the excitation en
ergy dependence. The measuredL edge absorption spec
trum is given in Fig. 3(a) with the arrows indicating th
1568
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excitation energies. The corresponding scattering resu
are given in Figs. 3(b), 3(c), and 3(d) where the differ
ence curves have been corrected for the polarization of t
incident light sP  0.82d. The energies of the scattering
light are measured from the peak of the signal measur
with L3 excitation. We restrict ourselves to mention only
the most interesting points about the spectra.

(i) Comparison between the excitation at theL3 andL2
edges. Since core multipoles above the monopole ex
only for a core state of total angular momentum large
than j  1y2 (Ref. [4]), the dichroism integrated on the
scattered photon energy should vanish at theL2 edge. The
measured integrated dichroism at theL3 edge [Fig. 3(b)]
is s11.5 6 0.6d%, while at theL2 edge [Fig. 3(d)] the
integrated dichroism iss0.3 6 1.4d%. Thus, within the
accuracy, theL2 dichroism vanishes, which provides
a strong support for the theoretical picture. We not
that, because of the large2p-3d Coulomb and exchange
interactions,j is not an exact quantum number, therefore
a small integrated dichroism can still be present at th

FIG. 3. Perpendicular resonant Raman scattering measu
ments for Co metal. Panel (a):L2,3 absorption with the ar-
rows indicating the excitation energies. Scattering results wi
L3 peak excitation [panel (b)], with excitation 7.5 eV above
L3 [panel (c)], and withL2 peak excitation [panel (d)]. The
difference curves (scale:3 2) are corrected for the incident po-
larization. The energies are measured from the peak measu
with L3 excitation.
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L2 edge. The existence of such a small effect should
kept in mind. Despite their difficulty these measuremen
might become technically feasible on a routine basis
the near future.

(ii) Comparison between the magnitude of the dichr
ism in Ni ferrite and Co at theL3 resonance. The ob-
served dichroism in Co is about a factor of 3 smalle
There can be several reasons for such a reduction
itinerant materials. In an ionic compound, such as N
ferrite, the valence hole spin polarizationP  fns"d 2

ns#dgyfns"d 1 ns#dg will be close to 1, whereas in Co
P can be as low as 0.65 as suggested by the MCX
sum rule [16], and line shape analysis [17]. Accord
ing to Refs. [4,18], the core hole quadrupole mome
is primarily determined by the spin moment in th
ground state with the orbital moment and magnet
dipole term playing a far less important role. Thus
the diminished valence hole spin polarization in Co ca
account at most for a reduction to23 compared to Ni fer-
rite; i.e., it is not sufficient to explain the measured effec
This argument is affected only marginally by the possib
modification of the sum rules in itinerant systems sinc
the nonatomic effects in3d TMS sum rules are evaluated
[19] to be typically around 10%. A further reduction ca
be caused by the mixing between the intermediate st
configurations, such as2p53d8, 2p53d9, and 2p53d10,
which reduces the quadrupole moment. In itinerant m
als this mixing is much larger than in localized system
It is interesting to mention that a similar reduction in th
dichroism has also been observed for Fe, Co, and Ni me
in perpendicular resonant2p3p3p photoemission [3,18].
This emphasizes the importance of further investigatio
using perpendicular spectroscopies on systems with va
ing valence electron localization.

(iii) For an excitation 7.5 eV above theL3 peak (case
#2 of Fig. 3) there is still a considerable dichroism
[maximum dichroisms6.8 6 1d% againsts10.4 6 1.5d%
at L3]. At these excitation energies it is generally believe
that the excitation is not to empty3d states but tosspd
itinerant bandlike states. The present dichroism in PRR
is about 2

3 of the effect at theL3 peak, which is too
high for dipole transitions tosspd itinerant valence states,
which give an almost negligible absorption dichroism
and, in band calculations, a very small spin polarizatio
be
ts
in

o-

r.
in
i

D
-

nt
e
ic
,
n

t.
le
e

n
ate

et-
s.
e
tal

ns
ry-

d

S

n.

This suggests the presence of a significant amount
2p53dn11 states well above the excitation threshold in t
intermediate state, a presence obviously not compat
with a bandlike behavior. This would give support t
results obtained by Anderson impurity calculations [20]

In summary, we can say that resonant inner sh
scattering excited with circularly polarized x rays i
perpendicular geometry offers new possibilities to stu
the valence states of magnetic3d transition metal systems
Despite the fact that the scattering process involves
inner shell excitation in the final state, there is a stro
sensitivity for the valence electronic structure.
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